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Preface 


^The  purpose  of  this  study  was  to  determine  the  perform¬ 
ance  characteristics  and  limitations  of  two  types  of  explo- 
sively  driven  ruptured  conductor  opening  switches ^  Previous 
investigation  by  Ihor  M.  Vitkovitsky  and  R.  D.  Ford  at  the 

! 

■  Naval  Research  Laboratories  in  Washington,  D.*C.,  have  shown 
that  these  switches  can  be  used  effectively  for  energy  com¬ 
pression  in  pulse  power  systems. 

_ »The  major  finding  of  this  study  is  that  these  switches 

can  be  used  to  combine  the  commandability  of  a  ruptured  con¬ 
ductor  opening  switch  with  the  fast  switching  characteris¬ 
tics  of  a  fuse  opening  switch.  We  believe  that  the  results 
in  this  report  have  direct  applications  to  pulse  power  sys¬ 
tems  where  commandable  switching  of  high  power  pulses  at  low 
repetition  rates  is  required  ^ 

We  would  like  to  thank  our  at^isor.  Major  Timothy  J. 
Skvarenina  of  the  Air  Force  Institute  of  Technology  at 
Wright-Patterson  AFB,  Ohio,  for  his  patient  assistance  during 
this  project.  We  are  especially  grateful  to  Dr.  Robert  E. 
Reinovsky  of  the  Air  Force  Weapon  Lab  (AFWL)  at  Kirtland  AFB, 
NM.  His  guidance  and  assistance  were  extremely  helpful.  We 
are  also  very  grateful  to  ILt  Paul  Levi  of  AFWL  for  his  tire¬ 
less  technical  assistance  during  the  experiments. 

This  effort  was  jointly  funded  by  the  Air  Force  Weapons 
Laboratory  and  the  Defense  Nuclear  Agency. 
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Abstract 


Two  types  of  explosively  driven  ruptured  conductor 
opening  switches  were  tested.  Each  used  a  length  of  detona¬ 
tor  cord  to  rupture  an  aluminum  conductor.  The  first  type 
used  a  cylindrical  conductor  with  pusher  media  of  either  par¬ 
affin  or  water  to  break  the  conductor  and  abs’orb  the  arc 
energy.  The  second  type  used  detonator  cord  in  direct  con¬ 
tact  with  a  flat  conductor.  This  design  used  the  high  pres¬ 
sure  from  the  explosive  to  break  the  conductor  and  extinguish 
the  arc. 

The  cylindrical  switches  interrupted  115  KA  in  approx¬ 
imately  35  nsec  with  switching  delays  of  68  nsec  to  87  nsec. 
Peak  load  powers  of  up  to  334  MW  were  achieved  using  a  61  KJ 
supply  circuit.  Increasing  the  explosive  weight  was  found 
to  have  a  detrimental  effect  on  the  switch  opening  time. 

The  flat  conductor  switches  interrupted  185  KA  with 
initial  resistance  rise  rates  of  up  to  117  mfi/nsec.  Peak 
load  powers  of  up  to  3.5  GW  were  achieved  using  a  137  KJ  sup¬ 
ply  circuit. 

The  planar  switch  showed  characteristics  of  both  a 
ruptured  conductor  opening  switch  and  a  fuse  opening  switch. 

As  the  switch  current  was  increased,  the  opening  time  de¬ 
creased,  eventually  to  a  time  smaller  than  the  detonator  cord 
burn  time.  This  indicated  that  after  the  detonator  cord  was 
ignited,  the  unsevered  portion  of  the  condi  :tor  was  burned 
open  like  a  fuse  due  to  the  increased  current  density. 


DEVELOPMENT  OF  AN  IMPROVED  EXPLOSIVELY 


DRIVEN  RUPTURED  CONDUCTOR  OPENING  SWITCH 


I  Introduction 


BacKqround 

An  inductive  energy  store  seems  a  likely  system  for 
energy  storage  since  inductive  storage  has  a  potential  for 
energy  densities  several  orders  of  magnitude  greater  than 
does  capacitive  storage  (Ref  1).  The  energy  stored  in  an 
inductor  is  proportional  to  the  square  of  the  current  through 
it.  Therefore,  large  inductive  energy  storage  implies  large 
currents.  Transferring  the  stored  inductive  energy  to  a 
load  requires  an  opening  switch.  To  be  useful,  the  opening 
switch  must  be  able  to  interrupt  large  currents  reliably  and 
quickly. 

Several  types  of  opening  switches  are  in  use  today. 
Mechanical  breakers  can  interrupt  relatively  large  currents 
but  characteristic  opening  times  are  in  the  millisecond  range 
and  then  only  at  a  "current  zero"  (Ref  2) .  Fuses  possess 
desirable  opening  times  in  the  sub-microsecond  range,  but 
consume  a  large  amount  of  electrical  energy  during  the  vapor¬ 
ization  of  the  fuse  element  (Ref  8).  In  addition  the  delay 
time  for  opening  a  fuse  is  determined  by  the  size  of  the  fuse, 
and  they  generally  cannot  conduct  current  very  long  before 
opening.  Explosive  opening  switch  possess  opening  times  in  the 


microsecond  range  and  if  the  circuit  permits,  may  dissipate 
little  electrical  energy.  They  are  thus  able  to  transfer  a 
large  amount  of  the  stored  energy  to  the  load  in  a  short 
period  of  time  resulting  in  increased  power  input  to  the 
load.  These  switches  can  be  designed  to  conduct  for  an  in¬ 
definite  period  of  time  as  discussed  in  Chapter  III  and  then 
open  on  command  with  a  short  predetermined  delay. 

Previous  investigations  of  explosive  opening  switches 
have  been  done  primarily  in  the  USSR  and  at  the  Naval  Re¬ 
search  Laboratory  (Ref  2<) .  The  Air  Force  Weapons  Laboratory 
(AFWL)  is  interested  in  explosive  opening  switches  for  applica¬ 
tion  in  x-yay  simulators  involving  energy  storage  of  as  much 
as  100  NiJ. 

Problem 

The  purpose  of  this  thesis  was  to  test  explosive  opening 
switches  developed  by  the  Air  Force  Weapons  Laboratory.  These 
switches  were  modified  designs  of  previous  devices  tested  by 
the  Naval  Research  Laboratory  (Ref  2) .  The  experiments  were 
designed  to  determine  the  current  interrupting  and  voltage 
holdoff  capability  of  the  switches  in  order  to  predict  scaling 
potential  for  practical  applications. 

Scope 

The  study  done  in  this  thesis  was  limited  to  the  testing 
of  two  specific  explosive  switch  designs,  using  planar  and 
cylindrical  geometries.  These  designs  are  explained  in 
Chapter  III.  Minor  changes  in  the  mechanical  design  of 
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each  switch  were  made  during  this  study  to  improve  switch 
life  and  performance. 

The  criteria  used  to  evaluate  the  switches  are  the 
change  in  switch  resistance  with  respect  to  time,  consist¬ 
ency  of  the  current  interrupting  capability  and  the  voltage 
hold  off  capability. 

Assumptions 

The  electrical  circuit  used  in  the  experiment  consisted 
of  a  capacitor  bank,  a  closing  switch,  a  parallel  plate 
transmission  line,  a  storage  inductor,  an  opening  switch 
and  a  load  as  shown  in  Figure  1. 

It  was  assumed  that  the  circuit  could  be  modelled  by 
lumped -parameter  elements  of  capacitance,  inductance  and 
<r  resistance.  Lumped -parameter  elements  can  be  assumed  pro¬ 

vided  s 

a.  circuit  dimensions  are  small  compared  to  the 
wavelength 

b.  inductors  and  capacitors  dissipate  negligible 

energy 

c.  the  magnetic  field  associated  with  resistances  and 
capacitors  is  negligible 

d.  the  displacement  cvirrent  associated  with  all  cir¬ 
cuit  elements,  except  that  between  capacitor  plates,  is 
negligible  (Ref  3) . 

Assuming  a  lumped-parameter  network  permitted  an  RLC 
circuit  analysis  approach  on  all  tests  performed. 

General  Approach 

In  this  experiment  two  different  opening  switch  geo¬ 
metries,  planar  and  cylindrical,  were  tested.  In  order  to 
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Fig.  1  Schematic  Diagram  of  Circuit  Component  Layout 


analyze  the  circuit  the  constant  circuit  parameters  were 
determined.  These  were  determined  by  discharging  the  capac¬ 
itor  bank  into  a  series  of  load  circuits,  one  at  a  time. 
Current  measurements  were  then  used  to  determine  these  values 

The  cylindrical  switch  was  tested  using  two  different 
pusher  media,  paraffin  and  water.  In  addition,  the  weight 
of  the  explosive  charge  and  switch  current  were  varied  to 
determine  switch  characteristics. 

The  planar  switch  was  tested  using  three  different  ex¬ 
plosive  weights  and  a  sequence  of  increasing  switch  currents. 
The  switch  inductance  was  also  lowered  by  modifying  the  con¬ 
ductor  geometry. 

For  all  the  tests  performed  voltage  across  the  switch 
was  measured  with  a  resistive  divider.  The  derivatives  of 
the  currents  through  the  switch  and  load  were  measured  using 
Rogowski  coils.  Currents  were  obtained  with  passive  inter- 
grators.  All  values  were  displayed  on  oscilloscopes  and 
recorded  on  photographs. 

Switch  resistances  and  circuit  energy  distributions 
were  calculated  and  plotted  with  the  aid  of  a  computer. 


II  Theory  of  Opening  Switches 


This  chapter  describes  how  the  energy  in  the  circuit 
is  distributed  among  the  circuit  components  before,  during 
and  after  the  switching  period.  Also  two  equations  for  the 
switch  resistance  are  derived  for  comparison  in  experimental 
results.  Minimum  conductor  sizes  are  estimated  for  use  as 
a  scaling  criterion. 

Energy  Distribution 

The  capacitor  of  Figure  1  is  charged  to  some  initial 
voltage,  V^.  At  time  t^  the  closing  switch  is  closed  and 
the  capacitor  discharges  into  the  transmission  line.  The 
circuit  model  is  shown  in  Figure  2.  The  resistors  and  in¬ 
ductors  numbered  1,  2,  and  3  represent  the  transmission  line 
(and  storage  inductor),  the  opening  switch  and  the  load, 
respectively.  The  values  of  the  circuit  elements  result  in 
an  underdamped  response,  i.e.,  the  voltage  and  currents  are 
damped  sinusoids. 

The  energy  stored  in  the  capacitor  at  time  t^  is 

”c  '  (1) 

At  the  time  of  the  first  current  peak,  t^^,  the  energy  stored 
in  the  capacitor  at  t^  has  been  transferred  to  the  circuit 
inductances  or  dissipated  in  the  resistances.  The  amounts 
of  energy  transferred  and  dissipated  are 


and 
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Wr  =  f  ^  RI  dt 


(3) 


For  times  when  the  load  resistance  of  Figure  3  is  much 

greater  than  the  switch  resistance  R2»  the  load  current 

is  much  smaller  than  the  switch  current  Thus  I,.-  can 

s  L3 

be  neglected  for  the  period  t^  to  t^^  and 


«  I 


LI 


(4) 


Therefore,  at  time  t^,  the  original  energy,  minus  a  small 
amount  dissipated  in  R^  and  R2,  is  stored  and  L2. 

At  time  t^  the  switch  begins  to  open.  This  process  is 
modeled  by  increasing  the  switch  resistance  R2 .  If  the 
switch  opens  over  a  short  period  of  time  At,  then  the  energy 
lost  in  the  source  and  load  resistances  during  switching  is 
insignificant. 

Assuming  that  switch  opening  and 

that  the  switch  opens  quickly,  the  energy  distribution  can 
be  modeled  as  shown  in  Figure  3.  Switches  and  S2  shown 
in  Figure  3  were  not  physically  in  the  circuit  but  are  used 
here  for  purposes  of  describing  the  switching  interval. 
Switches  S^  and  S2  operate  simultaneously  over  the  switching 
interval  At. 

The  energy  and  the  flux  linkage  in  the  storage  in¬ 
ductor  at  time  t^  are 


(5) 


(6) 


^ . 


X(ti)  =  L^Ig(t^) 

The  energy  in  the  switch  at  tj^  is 

and  is  dissipated  in  the  switch  during  the  switching  inter¬ 
val.  At  the  end  of  the  switching  interval,  the  source 

current  flows  through  the  load  because  now  R2»R2  and 


I 


LI 


'L3 


(8) 


Neglecting  the  energy  dissipated  in  R^^  and  R^  the  flux  link¬ 
age  is  conserved,  and 


X(tj^)  =  X(t2) 


(9) 


and 


solving  for  lL3(t2)  yields 

^L3<'^2>  '  Is<'^l>V<V^3>  <“) 


The  energy  in  the  source  and  load  inductors  at  t2  is 


Lj^[L^/(  L^  +  Lj  )  ]^  I  (  t  )  /2 

[L/(Lj+L3)fwLj_(tj) 
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=  L3CLj^/(L^+L3)]^Ig^(t^)/2 


=  L^L3/(L3+L3)  Wj^^(t^)/2 


Some  of  the  energy  originally  in  at  t^^  has  been  dis¬ 
sipated  in  the  switch  during  the  switching  interval  At.  That 


energy  is 


"loss  " 


Substituting  equations  (12)  and  (13)  into  (14)  yields 


"loss  =  "l1<'=1>V(^1^I'3> 


(15) 


The  total  energy  dissipated  by  the  switch  is  ^^053  plus  the 
energy  stored  in  the  switch  inductance  L2  at  the  t^^ .  There¬ 
fore, 


^DISS^^2^  "  '^LOSs'^'^sw^^l^ 


Substituting  equations  (7)  and  (15)  into  (16)  gives 


"dISS<'^2>  =  Wj_^(t^)LL^L3*L2(L^+L3)J/L^(L^+L3)  (17) 


Assume  now  that  some  energy  is  dissipated  in  the  source 
resistance  and  the  load  resistance  R3  of  Figure  2  during 
the  switching  interval  At.  This  results  in  a  peak  load  cur¬ 
rent,  Ilp»  which  is  less  than  lL3(t^)  given  by  equation  (11). 
Using  the  linear  approximations  for  load  and  switch  current 
shown  in  Figure  4,  the  equation  of  the  line  for  1'^  during 


T 


the  switching  interval  is 


(18) 


and  the  equation  of  the  line  of  during  the  switching 


interval  is 


I'  (t)  =  I^^(t-t-)/At 
T  -a  ■‘■'P  ^ 


(19) 


Substituting  equation  (18)  into  (3)  and  integrating  gives 


=  R,At(lT^+I^  It  +I^^)/3 
R1  1  '  Lp  sp  Lp  sp 


(20) 


Substituting  (19)  into  (3)  gives 


=  RoIt  At/3 
R3  3  Lp 


(21) 


Since  represents  a  loss  from  the  energy  in  ^Li(tj^)  which 
cannot  be  transferred  to  the  load  and  represents  a  loss 
from  the  energy  that  was  transferred  to  the  load,  the  energy 
in  the  load  inductor  at  t2  is 


=  Vlp 


(22) 


Substituting  equations  (13),  (20)  and  (21)  into  (22)  and 
solving  for  gives 

%  =  i:isp/(3L3*2it(Rj*R3))]C-Rliti 

2  2  2  2 
(-At  (3R^+4R3^R3)+6AtL3((R^+R3)Lj^  /(Lj^+L3) 

2  1, 

+R^)  +  (3L3Lj^/(L^  +  L3))  )""]  (23) 
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If  At  =  0  or  =  0  and  =  0,  equation  (23)  reduces  to  the 
same  form  as  equation  (11).  For  the  case  where  the  source 
resistance,  Rj^,  is  very  small. 


Ilp  «  [L^Igp/(L^+L3)][l+(4At^R3^)/(6L3R3At+9L3^)]“^  (24) 


2^-,-i 


Therefore,  the  estimated  energy  in  and  L3  at  t2  is 


(25) 


^£3^4)  =  ^3^Lp 


(26) 


It  can  be  seen  from  equation  (23)  that  the  peak  load 
current,  is  a  function  of  the  switch  current  peak  Igp» 

the  source  and  load  resistances  (R^  and  R3)»  the  load  and 
source  inductances  and  the  switching  interval  At. 

In  this  section  equations  for  energy  and  current  have 
been  derived  for  the  source,  switch  and  load  currents. at  dif¬ 
ferent  points  in  time.  These  equations  will  be  used  later 
in  Chapter  V  as  a  comparison  with  the  actual  measured  values. 


Circuit  Anal vs  is 


From  Figure  2  two  equations  can  be  written  and  solved 
for  the  switch  resistance  R2.  At  node  A,  the  voltage,  V2 
across  the  switch  can  be  written  as 
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(27) 


V  =  L_I^+R„I^ 
^  S  2,  S 


Solving  for  R2  gives 


(28) 


Now  writing  a  loop  equation  around  the  switch  and  load  mesh 
gives 


2s  2s  3  L3  3  L3 


=  0 


(29) 


Solving  for  R2  gives 


"2  '  <^3Il3-Vs**'3^L3>’^s 


(30) 


Equations  (28)  and  (30)  provide  two  different  ways  to 

\ 

calculate  the  switch  resistance  since  equation  (28)  de- 
pends  on  V  while  equation  (30)  depends  on  1^3*  Both  V  and 
I^_  were  measured,  providing  a  check  on  the  results. 
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Switch  Design  and  Operation 


This  chapter  describes  the  construction  and  operation 
of  the  two  types  of  switches,  cylindrical  and  planar,  which 
were  tested . 

Cylindrical  Switch 

Construction.  The  cylindrical  switch  is  constructed 
around  an  aluminum  tube  with  .035  inch  wall  thickness  as 
shown  in  Figure  5.  Mounted  around  the  tube  and  held  in 
place  by  polyethylene  rings,  are  steel  cutting  and  bending 
rings.  The  cutting  rings  have  sharp  square  inner  edges 
which  cut  the  tube  when  it  is  forced  against  them.  The 
bending  rings  have  rounded  inner  edges  which  allow  the  cut 
tube  sections  to  form  around  it.  A  bending  ring  is  placed 
at  both  ends  of  the  switch  while  alternating  cutting  and 
bending  rings,  separated  by  the  polyethylene  rings,  lie 
along  the  length  of  the  tube. 

Enclosing  the  steel  and  polyethylene  ring  assembly  is 
an  aluminum  cylinder  of  0.25  inch  wall  thickness  which  con¬ 
tains  the  explosion.  On  each  end  of  the  switch,  attached  to 
the  outer  cylinder,  is  a  steel  end  plate.  Attached  to  the 
end  plates  and  extending  the  length  of  the  switch  are  3/8 
inch  bolts  which  provide  axial  containment  of  the  switch. 


Steel  plugs  are  inserted  into  each  end  of  the  inner 
aluminum  tube  to  provide  a  place  to  attach  the  switch  to  the 


Cross  Section  of  Cylindrical  Switch 


electrical  circuit  and  prevent  venting  of  the  explosive 
gasses  out  the  ends  of  the  tube. 

Operation .  As  shown  in  Figure  5,  the  inner  aluminum 
tube  is  filled  with  a  non-conducting  pusher  medium.  Paraffin 
and  water  as  were  used  in  this  study.  The  high  explosive  PETN 
cord  extends  the  length  of  the  pusher  medium  in  the  center 
of  the  tube. 

The  pusher  medium  serves  a  dual  purpose  in  the  opera¬ 
tion  of  the  switch.  First,  the  pusher  medium  transmits  the 
radial  pressure  wave  created  by  the  burning  PETN  cord. 

Second,  the  pusher  medium  cools  and  extinguishes  the  arc 
formed  as  the  aluminum  tube,  now  conducting  high  currents, 
is  cut  at  the  cutting  rings. 

Figure  6b  shows  a  section  of  the  switch  in  the  open 
position.  The  inner  aluminum  tube  is  shown  cut  at  both 

edges  of  the  cutting  ring  leaving  a  circular  piece  of  the 

\ 

conductor,  the  width  of  the  ring,  on  the  inside  surface  of 
the  ring.  As  the  tube  is  cut  at  the  cutting  ring  the  pusher 
medixim  forces  the  cut  end  of  the  tube  further  outward  resulting 
in  the  length  of  the  tube  lying  between  two  cutting  rings  to 
fold  around  the  inner  surface  of  the  enclosed  bending  ring. 

This  action  provides  maximum  conductor  separation  (Ref  2) 
and  the  dielectric  pusher  material  is  now  separating  the 


steel  rings . 


Aluminum 


Pusher 


tube 


A 


B 


Closed  Position 


Open  Position 


Fig.  6  Cross  Section  of  Cylindrical  SwiLch  in  the 
Open  and  Closed  States. 
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delay  =  (iA^)  +  (t-j-Ap) 


(33) 


Planar  Svitch 

The  planar  switch  is  constructed  so  the  force  of  the 
explosive  charge  acts  directly  on  the  conductor.  The  de¬ 
sign  is  based  on  a  concept  described  by  Ford  and  Vitkovitsky 
(Ref  5  ) .  Nothing  is  between  the  explosive  and  the  con¬ 
ductor  but  a  thin  layer  of  air,  so  the  arc  must  be  extin¬ 
guished  by  the  blast  effects  of  the  explosive.  The  arc  is 
compressed  and  extended  by  the  shock  wave  at  the  expanding 
explosion  front  until  extinguished.  The  torn  ends  of  the 
switch  conductor  are  insulated  by  the  explosive  products  and 
the  high  pressure  behind  the  shock  wave  until  the  current  is 
interrupted.  The  description  of  these  effects  is  beyond  the 
scope  of  this  thesis.  They  have  been  the  subject  of  experi¬ 
ments  by  Zubkov,  et.  al . ,  in  the  Soviet  Union  (Ref  6  ). 

Construction.  The  planar  switches  used  for  these  ex¬ 
periments  were  assembled  as  shown  in  Figure  8.  Each  switch 
tested  used  four  sections  like  that  in  Figure  8,  connected 
in  series.  The  earliest  switches  tested  used  connections 
to  the  circuit  at  each  end  of  the  switch.  This  configuration 
facilitated  the  connection  to  the  circuit  but  caused  a  high 
inductance.  Beginning  with  planar  switch  number  8,  the  con¬ 
ductor  was  folded  back  under  the  switch  as  shown  in  Figure  7. 
This  reduced  the  switch  inductance. 


The  conductor  was  formed  before  assembly.  The  large 
polyethylene  insulator  blocks  were  loosely  assembled  upside 
down,  then  the  conductor  was  inserted.  A  rod  the  size  of 
the  detonator  cord  was  placed  in  each  loop  of  the  conductor 
to  form  spaces  for  the  detonator  cords.  Then  the  thin  poly¬ 
ethylene  separator  was  inserted  and  the  assembly  was  loosely 
clamped . 

Clamping  was  accomplished  by  two  steel  end  braces  con¬ 
nected  by  two  threaded  rods .  The  clamp  was  made  wide  enough 
to  preclude  arcing  to  the  clamp.  The  end  braces  were  sepa¬ 
rated  from  the  switch  by  20  mils  of  mylar. 

Mylar  insulation  was  inserted  as  diagrammed  in  Figures 
7  and  8.  The  mylar  extended  beyond  the  polyethylene  blocks 
to  give  a  long  tracking  path  between  the  conductor  edges 
everywhere  except  in  the  channel.  The  most  probable  con¬ 
ducting  path  through  the  open  switch  was  across  the  channels 
The  assembled  switch  was  tightly  clamped  and  placed 
upright  on  a  wooden  platform.  The  corners  of  the  clamp 
were  attached  to  this  platform  with  nylon  straps.  A  hole 
the  size  of  the  detonator  was  cut  in  the  conductor  at  the 
center  of  each  channel  for  later  placement  of  the  detonators 
The  conductor  ends  were  formed  around  wooden  cross 
pieces  attached  to  the  wooden  platform  at  the  end  of  the 
switch.  The  circuit  cabling  was  attached  to  the  conductor 
ends  at  these  cross  pieces. 

Operation.  The  switches  were  assembled  in  the  shop 
and  transported  to  the  test  site.  The  switches  were 


attached  to  the  circuit  by  lag  screws  through  cable  terminal 
lugs  and  the  conductor  into  the  cross  pieces .  The  cable 
terminals  used  throughout  the  circuit  to  connect  the  cables 
were  attached  to  the  cables  by  set  screws.  These  connec¬ 
tions  were  the  source  of  much  of  the  resistance  measured  in 
the  circuits . 

The  metal  rods  used  to  form  the  space  for  the  detonator 
cord  were  removed  and  the  cord  was  inserted .  Polyethylene 
blocks  were  glued  in  at  the  ends  of  each  channel  to  prevent 
venting  of  explosive  gasses  and  pressure  out  the  sides 
during  switching.  The  detonators  were  glued  in  place  in 
the  channel,  contacting  the  detonator  cord  through  the  hole 
in  the  center  of  the  conductor. 

The  placement  of  the  detonators  caused  the  conductor 
to  tear  from  the  center  outward  to  the  edges.  The  conduc¬ 
tors  used  for  these  experiments  were  all  6  in.  wide.  Each 
switch  section  was  detonated  at  the  same  time.  These 
switches  used  the  same  type  of  detonator  cord  (PETN)  as  the 
cylindrical  switches.  The  cord  burns  across  the  3  in.  to 
the  edge  of  the  conductor  at  7  mm/|isec.  If  the  increased 
current  density  at  the  edges  of  the  rupturing  conductor  does 
not  vaporize  the  ends  of  the  conductor  the  explosive  will 
mechanically  open  the  switch  in  10.9  usee.  All  of  the  cur¬ 
rent  flows  toward  the  edges  of  the  conductor  as  the  rupture 
spreads  outward.  The  arc  will  ignite  at  the  corners  of  each 
conductor ‘section  after  it  mechanically  opens.  This  arc  is 
then  extinguished  by  the  explosive  pressure  and  gasses. 


cr 


Conductor  Sizincf 

The  conductor  of  the  switch  will  heat  and  can  eventu¬ 
ally  melt  from  the  Joule  heating  caused  by  the  current  flow. 
The  conductor  can  be  cooled  externally  to  prevent  melting, 
either  actively  or  with  radiators.  The  designs  used  for 
this  study  had  no  cooling  equipment  and  were  well  insulated. 
Therefore,  the  conductors  had  to  be  large  enough  to  absorb 
the  heat  without  melting. 

The  energy  absorbed  by  the  switch  during  conduction 
is  assumed  to  remain  in  the  conductor  due  to  the  insulation. 
This  energy  is 

W  j>  delayj^j2  siN^(2TTt/Period)dt  J 

S  0 

where  t,  ,  is  the  time  where  the  switch  is  detonated.  The 
switch  resistance  is  a  function  of  temperature,  and  there¬ 
fore  of  time,  so  precise  definition  of  the  absorbed  energy 
would  have  to  include  this.  The  resistivity  of  aluminum  in¬ 
creases  by  approximately  a  factor  of  3.5  when  heated  from 
room  temperature  to  melting  temperature  (659°C) .  This  deri¬ 
vation  will  approximate  this  by  using  an  average  resistance 
of  three  times  the  room  temperature  resistance. 

For  frequencies  where  skin  depth  is  greater  than  the 
thickness  of  the  metal  conductor  (less  than  105MHz  for  10  mil 
aluminum),  conductor  resistance  is 
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(35) 


The  room  temperatxire  conductivity  of  aluminum,  (j^t  is 
3.72  X  10^  m  ho/cm  so 


A>(I  ,)  (Period) Vsi. 0x10^  CM^  (39) 

peaK 

The  conductors  used  for  this  study  were  much  larger 
than  the  minimum  required  by  this  approximation.  The  re¬ 
sults  of  this  derivation  will  be  used  in  Chapter  VI  to  dis¬ 
cuss  scaling  requirements. 


IV  Experimental  Apparatus 

In  this  chapter  the  components  shown  in  Figure  1  and 
the  measurement  and  diagnostic  equipment  are  described  in 
detail . 

Capacitor  Bank 

A  capacitor  bank  served  as  the  current  source  for  this 
study.  The  capacitor  bank  consisted  of  fifty  6.1|j,F  60KV 
capacitors  connected  in  parallel  to  give  a  total  nominal 
capacitance  of  305|iF .  Charge  voltages  of  20KV  and  30KV 
were  used.  The  bank  was  charged  with  a  Maxwell  Labs  charging 
system  and  discharged  into  the  transmission  line  and  storage 
inductor  using  a  closing  switch. 

Closing  Switch 

The  closing  sw;itch  was  constructed  of  two  6  ft.  long 
by  8  in.  high  by  0.5  in.  thick  steel  plates.  The  connec¬ 
tion  of  the  closing  switch  to  the  capacitor  bank  and  the 
transmission  line  is  as  shown  in  Figure  9. 

Plate  1  was  almost  immovable  as  it  was  attached  to  the 
solid  center  conductor  of  the  coax  cable  from  the  capacitor 
bank.  Plate  2  was  attached  to  the  top  of  the  transmission 
line  and  could  be  lifted  up  to  facilitate  switch  cleaning 
and  rebuilding. 

Mylar  is  placed  between  the  plates  to  serve  as  the 


main  switch  insulation  during  charging.  A  1  mil  thickness 


Mylar 


Bank 


of  mylar  was  used  for  each  IKV  of  potential  across  the  switch 
plates.  The  plate  separation  was  therefore  determined  by  the 
thickness  of  mylar  between  the  plates,  which  in  turn  de¬ 
pended  on  the  charge  voltage  for  the  experiment. 

Plate  2  had  h  in.  holes  along  the  top  edge  of  the 
plate  which  accommodated  shaped  charge  detonators .  Two 
detonators  per  shot  were  employed  to  puncture  the  mylar,  thus 
closing  the  switch,  and  allowing  the  capacitor  bank  to  dis¬ 
charge  its  energy  into  the  transmission  line  and  connected 
components . 

After  each  shot  the  switch  was  rebuilt  by  replacing 
the  mylar  insulation  and  installing  new  detonators  in  plate 

2. 


Transmission  Line 

The  transmission  line  consisted  of  two  60  mil  alxaminum 

sheets  each  40  ft.  long  by  4  ft.  wide.  The  aluminum  sheets 

\ 

were  separated  by  12  sheets  of  5  mil  mylar  each  6  ft.  wide 
for  a  total  insulation  thickness  of  60  mils.  This  gave  a 
line  capacitance  of 


C  =  CA/d 
=  0.26jiF 


(40) 


Since  C,  .  «C,  ,  ,  Cl  .  was  neglected  in  all  circuit 

line  bank’  line  ^ 

calculations . 


The  mylar  sheets  separating  the  two  transmission  line 
sheets  extended  1  ft.  on  each  side  of  the  transmission  line 
A  piece  of  .5  in.  Tygon  tubing  was  placed  between  the  sixth 


Fig.  10  End  View  Transmission  Line  with 
Mylar  and  Tygon  Insulation  in  Place 


and  seventh  sheets  of  mylar  along  the  entire  length  of  the 
transmission  line,  as  shown  in  Figure  10.  This  tubing  has 
been  demonstrated  to  improve  the  insulation  capability  of 
mylar  sheets  by  altering  the  insulation  capacitance  (Ref  9 ) . 

Storage  Inductor 

The  primary  storage  inductor  was  constructed  of  12  in. 
PCV  pipe  with  two  1/0  AWG  insulated  standard  copper  cables 
spirally  wrapped  on  the  inside  surface.  The  cables  were  held 
in  place  by  metal  cable  clamps  at  each  end  of  the  pipe  and 
were  strapped  to  the  pipe  with  nylon  ties  on  opposite  sides 
of  each  loop. 

The  purpose  of  attaching  the  inductor  to  the  trans¬ 
mission  line  was  to  increase  the  period  of  the  sinusoidal 
current  produced  by  the  RLC  circuit.  The  period  T  is 

T  =  2Tr/W^ 

«  2tjAI  (41) 

o 

«  2tt(LC)*^ 

and  is  directly  proportional  to  the  square  root  of  the  cir¬ 
cuit  inductance.  Increasing  the  period  held  the  current  at 
a  peak  for  a  longer  period  of  time  allowing  the  switch  to  be 
opened  at  peak  current  more  reliably.  In  addition  the  extra 
inductance  limited  the  peak  current  delivered  by  the  capaci¬ 
tor  bank.  If  the  capacitor  was  charged  to  V^,  then  the  peak 
current  is  given  by: 

h 


Ip  =  Vp(C/L) 


(42) 


Resistor 


A  resistor  served  as  the  load  throughout  this  experi¬ 
ment.  The  resistor  was  connected  in  parallel  with  the  open¬ 
ing  switch  thus  serving  as  a  commutating  circuit  which  dis¬ 
sipated  energy  transferred  to  it  by  the  opening  switch. 

The  resistor  as  shown  in  Figure  11  was  constructed  of 
two  parallel  aluminum  plates  separated  by  polyethylene  sep¬ 
arators  at  the  top  and  bottom  of  the  plates.  The  plates 
were  submerged  in  a  solution  of  ammonium  chloride  and  water. 
Resistance  could  be  varied  as  desired  by  changing  the  con¬ 
centration  of  ammoniiam  chloride  in  the  water. 


Diagnostics 


Rogowski  Coil.  The  Rogowski  coil  provides  a  means  of 
measuring  the  derivative  of  time  varying  high  currents  and 
responds  only  to  the  current  passing  through  the  coil  loop 
(Ref  7  )  . 

Four  Rogowski  coils  were  used  as  shown  in  Figure  12. 

Coils  A  and  B  were  used  to  measure  the  load  current  deriva- 

« 

tive,  while  coils  C  and  D  were  used  to  measure  switch 

current  derivative,  .  The  load  current,  also  passes 

through  coils  C  and  D  but  it  goes  through  twice  in  opposite 
directions  cancelling  the  signal. 

To  maintain  uniformity  in  this  experiment,  the  Rogowski 
coils  were  wrapped  around  a  piece  of  4  in.  PCV  pipe  and  then 
placed  around  the  cables  which  were  held  fixed  in  the  center 
of  the  loop.  This  procedure  provided  a  constant  coil  area 
and  orientation  around  the  conductor  giving  nearly  constant 
coil  gain  for  all  the  tests. 
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TWO  coils  were  used  for  each  current  derivative  measvure- 
ment.  The  coil  in  each  pair  encircled  the  conductor  in  op¬ 
posite  directions.  The  two  signals  were  connected  to  a  dif¬ 
ferential  amplifier  which  summed  the  two  signal  magnitudes 
and  eliminated  any  common  mode  signals. 

Voltage  Probe.  A  resistive  divider  was  used  to  measure 
the  voltage  across  the  switch.  It  was  connected  to  the  cir¬ 
cuit  as  shown  in  Figure  12.  The  two  resistors,  R,  in  the 
voltage  probe  leads  were  constructed  of  plastic  tubing 
filled  with  a  copper  sulfate  solution  with  copper  electrodes 
sealing  each  end.  The  copper  sulfate  solution  was  adjusted 
to  give  a  resistance  on  the  order  of  SOKD.  Coaxial  cables 
fed  the  signal  to  50n  terminators  across  the  oscilloscope 
inputs.  Thus  a  1  volt  signal  was  measured  at  the  oscillo¬ 
scope  for  every  1  KV  across  the  switch.  The  cable  shields 
were  shorted  together  at  the  resistors  and  at  the  oscillo¬ 
scope  input  to  balance  any  induced  shield  currents.  The  two 
signals  were  then  connected  to  a  differential  amplifier  which 
eliminated  any  common  mode  signals  (Ref  7  ) . 
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This  chapter  describes  the  experiments  which  were  con¬ 
ducted  for  this  study.  Preliminary  experiments  were  required 
to  obtain  circuit  element  values  for  the  equivalent  circuit 
model.  These  were  followed  by  actual  testing  of  the  two 
types  of  switches  under  varying  conditions. 


Determination  of  Circuit  Parameters 

This  section  describes  the  general  procedure  used  to 
obtain  values  for  the  elements  of  the  equivalent  circuit 
used  to  represent  the  experiment. 

The  only  known  values  in  the  experimental  set-up  were 
the  bank  capacitance  (C^^)  and  the  charge  voltage  (V^) .  All 
other  capacitances  were  neglected  because  they  were  much 
less  than  C,  . 

b  X 

The  unknown  resistances  and  inductances  remaining  to 
be  found  were  in  the  transmission  line,  the  two  switches,  the 
load,  the  storage  inductor  and  cables  and  terminals  used  to 
connect  the  circuit  components  together. 

To  find  the  transmission  line  resistance  and  inductance 
the  end  of  the  transmission  line  was  bolted  together  re¬ 
sulting  in  a  short  circuit.  The  capacitor  bank  was  charged 
and  then  discharged.  The  ringing  discharge  current  was 
measured.  As  expected,  a  damped  sinusoidal  response  was 


observed . 
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A  typical  response  of  current  through  the  short  is 
shown  in  Figure  13.  From  the  oscilloscope  traces  the  period. 


T  can  be  found. 

For  a  time  invariant  RLC  circuit  we  may  assume  that 
the  sinusoidal  waveform  decayed  exponentially.  A  least 
squares  fit  was  done  on  the  waveform  peaks  yielding  a  damping 
factor  a  in  the  exponential  decay.  Knowing  T,  C  and  a,  the 
circuit  inductance  was  calculated  from; 


T  =  2TrAi^ 

=  2'TT/[(W^)^-(a)^]^ 


where  W  =  — ^ 

°  Vlc 

and  solving  for  the  inductance  yields 


(43) 


L  =  T^/C(4'TT^+Ta^) 


(44) 


The  circuit  resistance  was  then  calculated  since: 


R  =  2aL  (45) 

Once  the  transmission  line  resistance  and  inductance 
were  known,  each  of  the  remaining  circuit  components  (the 
storage  induction,  each  switch  and  the  load)  was  connected 
individually  to  the  end  of  the  line  and  the  same  procedure 
was  used  to  find  the  resistance  and  inductance  added  to  the 
circuit  by  the  individual  component. 


These  tests  well  called  "short  shots"  as  all  that  was 
desired  was  the  determination  of  the  inductance  and  resistance 

of  each  piece  tested. 

/ 

Cylindrical  Switch  Tests 

Seven  cylindrical  switches  were  tested.  The  tests 
were  performed  by  connecting  each  switch  into  the  test  cir¬ 
cuit  as  shown  in  Figure  12.  The  switches  were  then  armed 
with  detonator  cord  and  electrical  detonators.  The  capacitor 
bank  was  charged  and  then  the  closing  switch  was  fired  to 
discharge  the  energy  into  the  circuit.  The  current  would 
then  ring  through  the  source  and  the  switch.  The  switch  acts 
essentially  as  a  short  circuit  until  shortly  after  it  is 
detonated . 

The  switch  detonation  vas  timed  in  an  attempt  to  cause 
switching  at  the  first  peak  of  the  switch  current.  Due  to 
the  long  delay  experienced  with  the  switch,  some  switches 
were  detonated  simultaneously  with  the  closing  switch.  An 
increased  storage  inductance  was  used  on  the  last  three 
switch  tests  to  increase  the  period  without  significantly  re¬ 
ducing  the  current. 

Measurements  were  made  of  I  and  switch  voltage  in  the 
same  manner  as  the  short  shots  described  in  the  previous 
section. 

Shown  in  Table  1  is  a  summary  of  the  cylindrical 
switches  tested  in  this  study.  The  main  parameters  varied 
throughout  the  tests  were  detonation  cord  weight,  pusher 
medium  and  delay.  Since  the  peak  current  was  held  essentially 
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Cylindrical  Switch  Test  Summary 


constant  for  all  shots  except  CYLl,  the  switches  were  studied 
on  the  basis  of  the  effects  of  detonation  cord  weight  and 
pusher  medium  on  interruption  time. 

CYLl  was  a  first  test  situation  with  a  new  switch  de¬ 
sign.  Switch  detonation  was  delayed  for  30  psec  after  the 
closing  switch  was  fired.  This  delay  was  based  on  previous 
work  done  by  NRL  (Ref  2) .  No  load  was  provided,  thus  re¬ 
quiring  the  switch  to  absorb  more  energy  than  it  was  capable 
of  in  a  reasonable  switching  interval.  A  load  was  added  to 
provide  a  commutating  element  for  all  subsequent  tests. 

At  this  point  a  plan  was  decided  on  for  further  testing 
The  next  two  switches  would  lase  water  as  the  pusher  medium 
but  the  explosive  weight  would  be  changed.  The  following 
shots  would  use  paraffin  as  the  pusher  medium  and  also  vary 
the  explosive  weight.  These  tests  would  give  sufficient  re¬ 
sults  to  evaluate  the  switch  performance. 

CYL2  was  loaded  with  100  gr/ft.  detonator  cord  and  a 
water  pusher  medium.  Switch  firing  was  delayed  30  |isec.  The 
closing  switch  did  not  fire,  therefore,  no  data  was  obtained. 

CYL3  was  constructed  the  same  as  CYL2 .  Test  results 
confirmed  a  long  delay  before  the  switch  opening.  CYL4  used 
175  gr/ft.  detonator  cord,  water  pusher  medium  and  zero  de¬ 
lay  to  overcome  the  long  delay  experienced  in  CYL3 .  CYL5  was 
altered  from  CYL4  to  test  the  effects  of  different  pusher 
medium  on  switch  performance.  CYL6  was  delayed  for  such  a 
long  period  of  time  to  initiate  switch  opening  at  a  reduced 
current  of  the  other  tests.  CYL7  was  to  compare  the  two 


4] 


pusher  medium  with  100  gr/ft.  detonator  cord  but  bad  data 
was  obtained. 

Planar  Switch  Tests 

The  same  test  procedures  were  used  for  the  planar 
switch  tests  as  for  the  cylindrical  switch  tests.,  A  test 
sequence  was  chosen  which  would  alternately  increase  explo¬ 
sive  weight  and  peak  switch  current. 

The  first  three  switches  tested,  called  Mod  1,  used  a 
tab  fixed  to  each  end  of  the  thin  polyethylene  separator  shown 
in  Figure  8  (the  tabs  are  not  shown) .  These  tabs  extended 
into  the  explosive  channel  and  acted  as  baffles  to  prevent 
venting  of  the  explosive  gases  from  the  ends  of  the  conduc¬ 
tor.  This  was  the  design  tested  by  Ford  and  Vitkowitsky 
in  1981  (Ref.  5).  In  all  succeeding  tests,  these  tabs 

were  replaced  with  removable  polyethylene  blocks  which  filled 
the  full  width  of  the  channel,  as  shown  in  Figure  8.  This 
change  was  made  to  facilitate  switch  assembly,  though  there 
was  some  hope  that  the  blocks  would  improve  switching  some¬ 
what,  since  they  completely  sealed  the  ends  of  the  explosive 
channels.  When  the  tabs  were  used,  the  switch  had  to  be  as¬ 
sembled  at  the  test  site.  The  explosive  was  inserted  during 
assembly.  With  the  removable  end  blocks,  the  switches  could 
be  completely  assembled  in  the  shop.  At  the  test  site,  the 
explosive  was  inserted  and  the  blocks  were  glued  in  after 
switch  installation.  The  first  switch  with  this  change  was 


called  Mod  2. 


The  first  two  switches  tested  did  not  have  a  load. 

The  switching  time  was  long  and  the  current  continued  to  ring 
through  the  switch.  A  load  resistor  of  20  mQ  was  used  to 
dissipate  the  circuit  energy  on  the  third  and  fourth  switch 
tests.  This  resistance  was  increased  for  the  remaining 
tests  to  reduce  load  current  before  switching. 

The  first  four  switches  were  connected  to  the  circuit 
with  an  input  at  one  end  of  the  switch  and  an  output  at  the 
other  end.  Since  the  circuit  was  connected  with  large  ca¬ 
bles,  this  presented  the  easiest  method  to  connect  the  ca¬ 
bles  to  the  switch.  All  succeeding  switches,  called  Mod  3, 
had  the  conductor  folded  back  under  the  switch,  as  shown  in 


Figure  7,  to  decrease  switch  inductance. 

i  The  first  four  switches  were  armed  with  50  gr/ft,  det- 

onator  cord.  They  were  all  tested  at  120  KA.  These  included 
one  successful  experiment  with  tabs  in  the  channels  and  one 
successful  experiment  with  the  polyethviene  end  blocks.  One 
switch  was  tested  with  100  gr/ft.  cord  at  120  KA  and  one  at 


190  KA.  The  second  of  these  experienced  triggering  problems 
and  only  three  channels  fired.  The  first  showed  that  switch¬ 
ing  at  120  KA  improved  when  accomplished  with  100  gr/ft.  cord. 
All  succeeding  tests  were  done  with  175  gr/ft.  cord. 

The  current  was  increased  by  changing  the  capacitor 
changing  voltage  from  20  KV  to  30  KV  and  by  decreasing  the 
storage  inductance  from  6.3  |iH  to  3.25  |jH .  Higher  voltages 
were  avoided  due  to  the  age  of  the  transmission  line.  At 
least  one  good  experiment  was  perform.ed  at  120  KA  and  at  190  KA. 


VI  Results  and  Conclusions 


This  chapter  describes  the  methods  used  to  analyze  the 
test  data.  Calculated  and  measured  load  currents  and  system 
energies  are  compared. 

Analysis  Procedure 

The  oscilloscope  trace  photographs  from  each  experiment 
were  manually  digitized  and  used  as  input  files  for  a  set  of 
digital  computer  programs.  The  programs  interpolated  the 
input  points  to  1  p,sec  intervals  and  shifted  each  curve  if 
necessary  to  improve  alignment.  The  realignment  was  neces¬ 
sary  to  correct  for  magnification  and  distortion  in  the 
cameras  and  oscilloscopes  and  to  compensate  for  the  small 
inaccuracies  inherent  in  reading  small  photographs.  The 

alignment  was  especially  sensitive  where  several  related 

\ 

curves  each  had  very  steep  slopes,  and  a  reading  error  of  a 
fraction  of  a  milimeter  could  produce  a  significant  error  in 
magnitude. 

The  switch  resistance  was  calculated  at  each  micro¬ 
second  from  equations  (28)  and  (30).  The  two  methods  gener¬ 
ally  showed  good  agreement.  No  reconciliation  of  differences 
was  possible  except  by  adjustments  to  curve  alignments. 
Equation  (30)  was  used  only  as  an  indicator  of  confidence  in 
the  result  from  equation  (28).  The  switch  resistance  from 
equation  (28),  the  other  measured  values,  and  the  predeter¬ 
mined  constant  circuit  parameter  values  were  used  to 
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Table  1  summarizes  the  seven  cylindrical  switch  tests 
done  in  this  study.  Three  tests  had  results  which  permitted 
a  complete  analysis  of  the  switch  performance.  CYL3,  CYL4 
and  CYL5  showed  the  effects  of  the  two  different  pusher 
media  with  the  same  explosive  weight  and  the  effects  of  the 
same  pusher  medium  with  different  explosive  weights. 

Table  2  summarizes  switch  and  load  currents  for  times 
tj^  and  t2  shown  in  Figures  14  and  15. 

Points  tj^  and  t2  in  Figures  14  and  15  were  obtained  by 
noticing  significant  changes  in  the  plotted  curves.  Points 
1  and  2  in  Figure  14  shows  sharp  drop  in  and  an  increase 

This  indicates  that  the  conductor  is  being  cut  at 
the  first  cutting  ring  and  a  small  resistance  results. 

Points  3  and  4  show  another  decrease  in  and  a  sharp  in- 
crease  in  1^3*  This  indicates  that  a  larger  resistance  is 
occurring  in  the  switch.  This  time,  t^^^  is  assumed  to  be 
the  end  of  the  switch  delay  where  the  conductor  is  ruptured 

at  all  the  cutting  rings.  Points  5  and  6  in  Figure  14 

.  • 

show  the  peaks  of  I  and  I_ .  This  indicates  that  I_  is 

S  s 

dropping  sharply  and  that  rising  at  its  greatest  rate. 

The  arc  is  being  cooled  rapidly  at  this  point.  At  point  7 
as  shown  in  Figure  15  is  at  a  peak  and  is  zero  indicating 

that  the  switch  is  completely  open.  This  point  is  labeled 
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Cylindrical  Switch  Current  Switching  Characteristics 
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Fig.  14  Plot  of  Switch  C5  Current  Derivatives 
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15  Plot  of  Switch  C5  Currents 


t2  and  the  opening  time  of  the  switch.  At,  is  taken  to  be 
the  difference  between  t2  and  t^ . 

Switch  delay  times,  opening  times.  At, 

are  shown  in  Table  2  for  each  switch. 

Table  3  shows  the  energy  distribution  at  the  end  of 
switching,  t2 •  The  peak  load  power,  calculated  from  load 
current  and  switch  voltage,  shows  the  energy  transfer. 

The  measured  values  of  energy  for  the  storage  inductor, 
the  switch  and  the  load  were  obtained  from  Figure  16.  Cal¬ 
culated  values  for  these  energies  were  obtained  by  using 
equations  (25),  (26)  and  (17). 

Plots  of  I,  I,  V,  R,  W  and  P  were  produced  for  each 
switch  tested  and  are  contained  in  the  Appendix. 


Planar  Switch  Results 

Twelve  planar  switches  were  tested.  Each  of  these 
tests  and  the  significant  test  conditions  are  summarized  in 
Table  4.  Six  of  these  tests  were  chosen  for  analysis.  The 
Mod  2  switch  (P6)  and  the  single  good  Mod  1  (P5)  switch  were 
analyzed  to  compare  any  differences  caused  by  the  different 
channel  end  baffles.-  Mod  3,  number  1,  (P8)  was  selected  as 
a  representative  test  with  100  gr/ft.  detonator  cord.  Mod  3, 
number  3,  (PlO)  was  chosen  as  the  single  good  test  at  175  gr/ 
ft.  or  210  KA.  P13  and  P14  were  chosen  to  represent  the 
290  KA  tests.  Since  these  switches  each  had  a  misfire  in 
one  section,  they  were  undersized  for  the  voltage  that  would 
be  generated  during  opening.  Two  similar  tests  were  ana¬ 
lyzed  to  provide  a  comparison  with  these  conditions. 


Planar  Switch  Test  Summary 


Tables  5,  6  and  7  summarize  the  results  of  the  analy¬ 
sis  of  these  six  tests.  The  last  three  columns  of  Table  5 
are  determined  from  a  plot  of  switch  resistance  and  voltage. 
An  example  is  in  Figure  17.  The  initial  resistance  rise  is 
taken  from  the  point  where  the  resistance  first  starts 
sharply  upward  and  the  point  where  the  resistance  first 
changes  to  a  reduced  rate.  In  Figure  17  this  is  the  slope 
between  point  1  and  point  2 .  Each  of  the  switches  showed  a 
restrike  of  the  arc,  as  evidenced  by  the  reduction  in  resist¬ 
ance  and  voltage  after  point  2.  The  time  between  the  point 
where  the  resistance  first  starts  to  rise  (point  3  in  Figure 
17)  and  where  the  rate  of  resistance  rise  decreases  is  given 
as  time  to  breakdown  in  Table  5.  The  voltage  at  this  time 
is  divided  by  the  number  of  sections  fired  to  determine  sec¬ 
tion  breakdown  voltage. 

The  current  relationships  during  switching  are  shown 
in  Table  6.  The  delay  time  is  the  period  between  the  trig¬ 
gering  delay  of  the  switch  and  the  time  when  the  switch  cur¬ 
rent  begins  to  decrease.  The  switching  interval.  At,  is 
taken  from  the  peaks  of  the  switch  and  load  currents.  In 
Figure  18,  point  1,  at  59  |isec,  represents  the  time  when  the 
switch  was  detonated.  Point  2,  at  69  pisec,  is  the  time  (t^) 
where  the  switch  current  begins  shifting  to  the  load.  The 
difference  in  these  times  is  the  switching  delay.  The  time 
to  the  load  current  peak  (t2)  at  point  3  is  used  as  the 
switching  interval.  Switch  currents  are  taken  from  the 
curves  at  t^  and  t2 .  Load  current  is  read  from  the  curve  at 
tj  and  calculated  from  equation  (23). 
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Table  7  shows  the  energy  distribution  at  t2»  The  peak 
load  power  is  included  as  an  indication  of  the  effectiveness 
of  the  energy  transfer.  This  value  is  calculated  from  load 
current  and  switch  voltage.  The  storage  inductor  energy  at 
t^  is  read  from  point  1  in  Figure  19  .  The  energies  in  the 
source  inductor,  load  inductor  and  switch  at  time  t2  are 
read  from  Figure  19  at  points  2,  3  and  4.  These  energies 
were  calculated  using  equations  (25),  (26)  and  (17)  and 
listed  for  comparison. 

Plots  of  I ,  I,  V,  R,  W  and  P  were  produced  for  each 
switch  analysis.  These  plots  are  in  the  appendix. 

Conclusions 

Both  switches  demonstrated  good  switching  characteris¬ 
tics.  The  cylindrical  switch  was  not  able  to  switch  more 
than  a  few  hundred  megawatts  to  the  load .  The  resistance 
rose  faster  and  interrupted  higher  currents  than  have  any 
switches  of  similar  configuration  which  have  been  reported 
(Ref  2) .  The  planar  switch  tests  indicate  that  this  config¬ 
uration  can  be  competitive  with  fuse  opening  switches.  When 
scaled  properly,  the  planar  switch  should  be  able  to  conduct 
higher  currents  and  open  on  command  very  quickly. 

Cylindrical  Switch.  Table  2  shows  values  of  delay  time 
and  opening  time  for  each  switch  tested.  CYL3  shows  the 
shortest  delay  time.  This  can  be  attributed  to  the  fact 
that  the  100  gr/ft.  detonator  cord  formed  the  conductor  prop¬ 
erly  around  the  bending  ring,  while  the  175  qr/ft.  detonator 
cord  tore  the  conductor  at  each  bending  decreasing  the 


effective  arc  length  between  rings.  Opening,  times  for  each 
switch  were  fairly  constant  indicating  that  both  pusher  media 
cool  the  arc  at  the  same  rate. 

Planar  Switch.  The  first  two  experiments  showed  that 
there  was  little  difference  between  the  performance  of  the 
tabs  and  the  end  blocks .  P5  was  a  Mod  1  switch  with  tabs  at 
the  ends  of  the  channels .  P6  was  the  Mod  2  switch  which  was 
the  first  to  use  the  removable  end  plugs.  The  current  and 
voltage  characteristics  were  nearly  identical . 

The  next  two  tests,  P8  and  PIO  show  that  the  switch 
performance  improves  dramatically  with  increased  explosive 
weight.  The  best  experiment  showed  a  117  mO/iisec  resistance 
rise  and  a  holdoff  voltage  of  12.5  KV/section. 

The  delay  time  for  the  two  50  gr/ft.  tests  were  longer 
than  the  10.9  (isec  predicted  in  Chapter  III.  This  indicates 
that  the  force  from  the  50  gr/ft.  cord  needs  some  time  to 
tear  through  the  10  mil  aluminum  conductor.  The  100  and 
175  gr/ft.  tests  showed  proportionate  decreases  in  the  delay 
time.  The  175  gr/ft.  cords  opened  the  conductor  before  the 
burning  was  completed.  These  shots  were  at  increasingly 
higher  currents.  This  indicates  that  the  increased  current 
at  the  ends  of  the  switch  sections  was  sufficient  to  vaporize 
part  of  the  conductor  before  it  could  be  torn  by  the  explo¬ 
sive.  These  switches  showed  considerable  evidence  of  arcing 
at  the  corners  of  the  opened  conductors .  The  center  sections 
were  blackened  from  the  detonator  cord  residue.  The  corners 
showed  whitened  aluminum,  indicating  a  large  arc  in  that  region. 
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The  energy  predictions  appear  to  give  reasonable  re¬ 


suits  if  the  switching  is  complete.  A  condition  for  the 
equations  in  Chapter  III  was  that  the  load  current  at  t^  and 
the  switch  current  at  t2  both  be  zero.  This  never  occurred 
since  the  switches  arced  over  before  switching  was  complete. 

Recommendat ions 

Tests  of  the  planar  switch  are  continuing  at  AFWL. 
Several  specific  aspects  of  these  switches  should  be  inves¬ 
tigated  further. 

Zubkov  (Ref  6  )  has  experimented  with  explosive  mixtures 
containing  particles  of  various  insulating  materials.  Some 
improvement  in  arc  quenching  was  observed  with  the  insulating 
particles  in  the  explosive  mixtures.  A  test  with  standard 
detonator  cord  wrapped  in  teflon  tape  could  accomplish  this 
effect  and  should  be  tested. 

Scaling  experiments  should  be  attempted  to  investigate 
the  possibility  of  combining  the  ruptured  conductor  character¬ 
istics  with  those  of  fuses.  Quenching  media  such  as  glass 
beads  could  be  placed  in  the  explosive  channel.  This  method 
is  often  used  for  fuses  and  may  improve  the  switching  time. 

The  tests  with  a  6  in.  wide  conductor  indicate  that  the  con¬ 
ductor  may  have  been  partially  vaporized  by  the  increased 
current  density.  For  example,  switch  P13,  interrupting  263  KA, 
opened  in  8  |isec.  This  is  2,9  psec  before  the  10.9  ^isec  re¬ 
quired  for  the  detonator  cord  to  burn,  indicating  that  about 
one-fourth  of  the  conductor  vaporized.  This  is  about  1.5  in. 
for  the  6  in.  conductors  used.  Experiments  could  be 
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conducted  with  reduced  conductor  widths  to  better  def ine 
this  effect. 

Tests  should  be  performed  with  additional  sections  to 
provide  the  necessary  10  KV/section  voltage  protection. 

This  should  improve  the  switching  time. 
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Appendix 

The  curves  of  the  measured  and  calculated  data  used  for 
the  analysis  in  Chapter  VI  are  presented  herein.  There  are 
five  figures  for  each  of  the  three  cylindrical  switches  and 
six  planar  switches  which  were  analyzed.  The  currents,  cur¬ 
rent  derivatives  and  voltage  were  measured  during  each  test. 
The  resistance,  energy  and  power  were  calculated  from  the 
measured  values.  The  constant  circuit  parameters  shown  in 
Figure  2  of  the  text  are  listed  in  Table  VIII  below  for 
each  test. 

TABLE  VIII 

Measured  Constant  Circuit  Parameters 


SWITCH 

INDUCTANCES 

(tiH) 

RESISTANCES  (|in) 

LI 

L2 

L3 

R1 

R3 

C3 

6.9 

0 

.6 

1.61 

9.6 

100 

C4 

6.9 

0 

.6 

1.61 

9.6 

100 

C5 

9.98 

0 

.6 

1.61 

9.6 

50 

P5 

6.78 

0 

.45 

2.08 

9.17 

17.3 

P6 

6.78 

0 

.45 

2.08 

9.17 

17.3 

P8 

6.8 

0 

.5 

1.7 

9.1 

110.7 

PIO 

6 . 8 

0 

.5 

1.7 

9.1 

110.7 

P13 

3.4 

0 

.5 

0.75 

8.31 

48.3 

P14 

3.4 

0 

.5 

0.75 

8.31 

48.3 

Fig.  20  Switch  C3  Currents 
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Fig.  21  Switch  C3  Current  Derivatives 
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Fig.  29  Switch  C4  Resistance  and  Voltage 
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Fig.  31  Switch  C5  Current  Derivatives 
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Fig.  33  Switch  C5  Energies 


Fig.  37  Switch  P5  Load  Power 
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Fig.  41  Switch  P6  Current  Derivatives 
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Fig.  50  Switch  PIO  Currents 
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Fig.  59  Switch  P13  Resistance  and  Voltage 
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Fig.  60  Switch  P14  Currents 
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